The human immunodeficiency virus type 1 (HIV-1) transacting regulatory protein (Tat) is an 86-to 101-residue regulatory protein (9 to 11 kDa) produced early in HIV-1 infection whose primary role is in regulating productive and processive transcription from the HIV-1 long terminal repeat (LTR) (4, 44) . Most studies analyzing the effect of Tat on either HIV-1 or host gene expression have used a truncated 86-residue HIV-1 subtype B Tat, although HIV-1 subtype C is the most prevalent globally (38) and its Tat protein has 101 residues (57, 58, 66) . These studies have shown that Tat is secreted from unruptured, HIV-1-infected lymphoid (21, 30) and myeloid (81) cells and is found in the sera of infected individuals (90, 92) where it has a variety of effects on a number of different cell types (reviewed in reference 43). Among the defined effects, subtype B Tat has been shown to be chemotactic for monocytes (2, 3, 50) and microglial cells (26) and to induce the production of tumor necrosis factor (TNF), chemokine (C-C motif) ligand 2 (CCL2) (previously known as monocyte chemotactic protein 1 [MCP-1]), and interleukin-6 (IL-6) from monocytes (25, 59, 87) . However, recent research has shown that the different genetic subtypes and recombinant forms of HIV-1 have biological differences with respect to transmission, replication, and disease progression (14, 47, 74, 85) . Moreover, different subtypes of Tat have different in vitro effects (17, 18, 27, 28, 57, 62, 66, 67, 76) .
The influence of Tat on the transcription of TNF from monocytes and microglial cells is particularly important in HIV-1 pathogenesis. TNF binds to its cognate receptors, triggering signal transduction pathways and the production of numerous cytokines and chemokines as well as the activation of microglial cells, macrophages, and monocytes (12) . Under normal conditions, TNF expression is at a constitutive level in various brain cells, suggesting a physiological role for this cytokine under normal conditions (63) . However, in subtype B HIV-1-infected patients, activated macrophages and monocytes in both the white matter of brain tissue and sera show increased expression of TNF and TNF receptors, suggesting an important role in the pathogenesis of HIV-1 and HIV-1-associated dementia (HAD) (15, 36, 70, 89) . HAD is characterized histopathologically by the infiltration of monocytes and macrophages into the central nervous system (CNS), gliosis, pallor of myelin sheaths, abnormalities of dendritic processes, and neuronal apoptosis (1, 35) . TNF may play a critical role in this process. TNF has been shown to open a paracellular route for HIV invasion across the blood-brain barrier (BBB) (31) . It also induces the expression of adhesion molecules on astrocytes and endothelial cells (16) and the release of chemokine factors from monocytes and microglial cells (23, 26) , allowing HIV-1-infected monocytes and macrophages to transmigrate into the CNS. However, TNF also has neuroprotective effects, such as upregulating the production of RANTES from astrocytes and Bcl-2 from neurons (15) , illustrating the multifactorial cause of the disease. In individuals with HAD, the level of anti-TNF antibodies is also elevated and positively correlates with viral load, CD8 ϩ T-cell count, and antibodies against Tat (19) . CD40, IL-1␤, quinolinic acid, and CCL2 are also upregulated (15, 26, 76) , whereas IL-6, transforming growth factor ␤, and gamma interferon are not (36, 70, 89) . Tat is secreted by HIV-1-infected cells within the CNSs of infected individuals (41, 42, 54, 91) , and extracellular Tat in serum has been shown to enter the CNS across the BBB (7). In both cases, it is taken up by CNS cells with toxic consequences (reviewed in reference 49). Indeed, in mice, a single intraventricular injection of Tat leads to pathological findings observed in HAD, namely, macrophage infiltration, progressive glial activation, and neuronal apoptosis (46, 59, 64, 68) .
Mutational analysis of Tat has identified the cysteine-rich and core domains of Tat as being responsible for the transactivational properties of Tat (44) . Aligning this region of HIV-1 subtype B Tat with several ␤-chemokines indicates positioning and similarity of key residues critical for certain ␤-chemokine receptor binding and signal transduction (2) . These include a CCF/Y motif at positions 30 to 32, a strongly conserved isoleucine at position 39, and an SYXR motif at positions 46 to 49. Interestingly, regardless of the geographic origin of the virus, subtype-specific variations have arisen. More than 90% of HIV-1 subtype C Tat sequenced to date have a C313S mutation (66) , whereas the circulating recombinant form AE (CRF_AE) has acquired the F/Y323W change (67) . The alteration in CRF_AE has been shown to result in lower Tat-induced TNF expression from T cells (67) .
In this study, we compared the abilities of HIV-1 subtype C Tat and the full-length form of the HIV-1 subtype B Tat most commonly used (18, 44) to bind to chemokine receptors and induce transient calcium flux in monocytes, monocyte chemotaxis, and expression of inflammatory cytokines and chemokines. We found that the C313S mutation found in subtype C Tat results in failure to bind to chemokine (C-C motif) receptor 2 (CCR2) and a marked reduction in the induction of transient calcium flux in monocytes. Moreover, these changes are correlated with a lack of chemotactic activity and a reduction in the ability to induce inflammatory mediators.
MATERIALS AND METHODS

Cells and reagents.
Human peripheral blood mononuclear cells (PBMCs) were isolated from heparinized blood samples from healthy donors using density centrifugation over Ficoll-Hypaque (Amersham Biosciences, Piscataway, NJ). Monocytes were isolated from PBMCs using the monocyte isolation kit from Miltenyi Biotec using MidiMACS with LS columns (Miltenyi Biotec, Auburn, CA).
The following cell lines were obtained through the NIH AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, NIH: HeLa-CD4-LTR-␤-gal cells from Michael Emerman (48) and GHOST cell transfectants from Vineet N. Kewal Ramani and Dan R. Littman (53) . Human microglia cells were from Sciencell Research Laboratories (San Diego, CA) and propagated as indicated by the supplier.
The calcium signaling inhibitors nimodipine, xestospongin C, and 3,4,5-trimethyloxybenzoic acid 8-(diethylamino)octyl ester (TMB-8) were from Calbiochem (La Jolla, CA). FS-2 from Dendroaspis polylepis polylepis venom was from Sigma Aldrich (St. Louis, MO). A putative cytotoxic effect of the different inhibitors was tested by the trypan blue dye exclusion assay, and none was found to be cytotoxic (viability was Ͼ99%) at the concentrations used. Anti-TNF neutralizing antibody (clone 6401), mouse immunoglobulin G1 (IgG1) isotype control, and recombinant CCL2 were purchased from R&D Systems (Minneapolis, MN), BD Pharmingen (San Diego, CA), and Biosource (Camarillo, CA), respectively.
Tat proteins were synthesized in solid phase using Fast Fmoc (9-fluorenylmethoxy carbonyl) chemistry by the method of Barany and Merrifield (8) using 4-hydroxymethyl-phenoxymethyl-copolystyrene-1% divinylbenzene (HMP) preloaded resin (0.5 mmol) (Perkin Elmer, Applied Biosystem Inc., Forster City, CA) on an automated synthesizer (ABI 433A; Perkin Elmer, Applied Biosystem Inc.) as previously described (62) . Purification and analysis using high-performance liquid chromatography (HPLC) were carried out as previously described (18, 62) . Amino acid analysis was performed on a model 6300 Beckman analyzer, and mass spectrometry was carried out using an Ettan matrix-assisted laser desorption ionization time-of-flight apparatus (Amersham Biosciences, Uppsala, Sweden).
trans-Activation with HIV LTR-transfected cells. The trans-activation activities of the synthetic Tat proteins were analyzed by monitoring the production of ␤-galactosidase after activation of lacZ expression in HeLa-CD4-LTR-␤-gal cells using a previously described protocol (18) .
Chemotaxis. The cell migration assay was conducted using 24-well Transwell migration chambers with 5-m-pore-size polyvinylpyrrolidone-free polycarbonate filters (Corning) as previously described (59) . Data are expressed as the ratio of directed movement (chemotaxis) to random movement and are representative of the results of three independent experiments where each point represents the mean of three wells Ϯ 1 standard deviation.
Calcium mobilization. Equilibrium competition binding assays. GHOST cells were cultured in highglucose Dulbecco's modified Eagle's medium supplemented with 10% (vol/vol) fetal bovine serum, 500 g/ml G418, 100 g/ml streptomycin, 100 U/ml penicillin, and 100 g/ml hygromycin (all from Invitrogen, Carlsbad, CA). Transfected cell media also contained 1 g/ml puromycin (Mediatech, Herndon, VA). Cells (ii) Real-time PCR. mRNA expression in monocytes was measured by realtime PCR. Freshly purified monocytes (1 ϫ 10 6 /ml) were incubated in six-well flat-bottomed plates (Falcon) at 37°C and 5% CO 2 in a 2:1 mix of AIM-V and Iscove's media (Invitrogen) supplemented with 1% (vol/vol) fetal calf serum (Invitrogen) and stimulated with 50 nM Tat. In some wells, anti-TNF neutralizing antibodies were added at 1 g/ml. Controls included cultures with either isotype-matched monoclonal antibodies (BD Pharmingen, San Diego, CA) or with FcR blocking reagent (Miltenyi Biotec, Auburn, CA). At 2 h and 4 h posttreatment, cells were harvested, and total cellular RNA was prepared with the RNeasy Mini kit in accordance with the manufacturer's directions (QIAGEN, Valencia, CA). TNF and IL-6 mRNA quantification was determined using the LightCycler system and the LightCycler RNA amplification kit HybProbe (Roche Applied Science). PCRs were carried out in a 20-l mixture composed of 3 mM MgCl 2 , 0.5 M of each primer, 0.2 M of each probe, 2 l sample, and 1-fold LightCycler RNA amplification kit HybProbe. Primers used (Idaho Biochem, Salt Lake City, UT) were as follows: for TNF, 5Ј-CCTGGTATGAGCC CAT-3Ј (sense) and 5Ј-AGGGGGTAATAAAGGGATT-3Ј (antisense); for IL-6, 5Ј-CTTCAGAACGAATGGACAA-3Ј (sense) and 5Ј-TTTTCACCAGGC AAGT-3Ј (antisense). The sensor and anchor probe sequences (Idaho Biochem, Salt Lake City, UT) were as follows: TNF fluorescein probe, 5Ј-TGGAGAAG GGTGACCGACT-FITC; TNF LCRed 640 probe, LCRed 640-GCGCTGAGA TCAATCGGCC-C3 blocker; IL-6 fluorescein probe, 5Ј-GTACATCCTCGACG GCATA-FITC; IL-6 LCRed 640 probe, LCRed 640-AGCCCTGAGAAAGGA GACA-C3 blocker. The reaction mixtures were initially incubated at 55°C for 30 min to reverse transcribe the RNA. The sample was then heated to 95°C for 10 min to denature the cDNA. CCL2, indoleamine 2,3-dioxygenase (IDO), CD40, and RNA polymerase II (RPII) mRNA quantification was determined using the FastStart RNA Master SYBR Green I kit (Roche Applied Science). PCRs were prepared using 0.3 M of each primer (except CD40, for which 0.15 M was used) according to the manufacturer's instructions. Primers used (Integrated DNA Technologies) were as follows: for CCL2, 5Ј-GATCTCAGTGCAGAGG CTCG-3Ј (sense) and 5Ј-TGCTTGTCCAGGTGGTCCAT-3Ј (antisense); for IDO, 5Ј-TGCTAAAGGCGCTGTT-3Ј (sense) and 5Ј-TGGTAGCTCCTCAGG G-3Ј (antisense); for CD40, 5Ј-CAGCCAGGACAGAAACTGGTGAGT-3Ј (sense) and 5Ј-CTTCTTCACAGGTGCAGATGGTGTC-3Ј (antisense); and for RPII, 5Ј-GCACCACGTCCAATGACAT-3Ј (sense) and5Ј-GTGCGGCTGCTT CCATAA-3Ј (antisense). The reaction mixtures were initially incubated at 61°C for 20 min to reverse transcribe the RNA. The sample was then heated to 95°C for 30 s to denature the cDNA. Amplification for all was performed for 45 cycles, with the following cycle parameters: for TNF, 10 s of denaturation at 95°C, 10 s of primer annealing at 53°C, and 8 s of fragment elongation at 72°C; for IL-6, 10 s of denaturation at 95°C, 10 s of primer annealing at 54°C, and 8 s of fragment elongation at 72°C; for CCL2, 5 s of denaturation at 95°C, 15 s of primer annealing at 62°C, and 16 s of fragment elongation at 72°C; for IDO, 5 s of denaturation at 95°C, 18 s of primer annealing at 56°C, and 16 s of fragment elongation at 72°C; and for CD40, 5 s of denaturation at 95°C, 10 s of primer annealing at 62°C, and 10 s of fragment elongation at 72°C. Conditions for RPII were the same as for the target gene. Target gene mRNA expression was normalized using both the LightCycler h-b2M housekeeping gene set with the LightCycler RNA Master HybProbe used according to the manufacturer's instructions (Roche Applied Science) and against RPII mRNA expression. All results are expressed as the ratio between the normalized expression of the target gene in treated cells and the normalized expression of the target gene in untreated or control cells.
(iii) ELISA. For the secreted cytokine measurements, the supernatants from the cells examined by real-time PCR were measured using a sensitive sandwich enzyme-linked immunosorbent assay (ELISA) kit (Biosource, Camarillo, CA).
Statistics. All P values were for a two-sample t test. A P value of 0.05 was considered statistically significant.
RESULTS
trans-Activation activity of HIV-1 subtype B Tat versus subtype C Tat. In this study, we used only the full-length form of Tat. The HIV-1 subtype B Tat HXB2 was described by K. T. Jeang et al. (44) . HIV-1 subtype C Tat 93In, carrying the C313S mutation, was sequenced from the macrophage-tropic isolate 93In905 from India (51), and subtype C Tat 96Bw, lacking the C313S mutation, was from Botswana (58). All were obtained using Fast Fmoc chemistry and, after purification using HPLC, were homogeneous by both mass spectrometry and HPLC as previously described (18, 62) .
We assessed the abilities of these Tat variants to trans-activate the stably transfected HIV-1 LTR in HeLa-CD4-LTR-␤-gal cells. We observed a dose-dependent response in the levels of ␤-galactosidase being quantified. We also observed that at all concentrations tested, there was no significant difference between the three variants except at 400 nM, the highest concentration tested where both subtype C Tat proteins had a higher activity (data not shown). This difference agrees with previously published data using different cell lines (28, 44, 57, 66 (Fig. 1B) and Tat 96Bw (data not shown) elicited a transient increase in [Ca 2ϩ ] i in monocytes that returned to baseline 1 minute after the initial flux. In both cases, this transient effect was not observed in lymphocytes (Fig. 1E) . Interestingly, Tat 93In failed to induce an increase in [Ca 2ϩ ] i (Fig. 1C) and was comparable to the vehicle control (data not shown). Increasing the concentration of subtype C Tat 93In failed to show any mobilization of calcium (data not shown). Using purified monocytes, we observed a profile similar to that of whole PBMCs (data not shown). For a positive control, ionomycin (1 M), a calcium ionophore, was used in all our experiments (Fig. 1A and D) .
The origin of the calcium increase in Tat HXB2-stimulated monocytes is extracellular. The source of the transient increase in [Ca 2ϩ ] i in human monocytes can be either intracellular (released from intracellular stores) or extracellular (it enters the cell across the plasma membrane). Both processes often occur either simultaneously or sequentially. In some excitable cells, an important initiating step is intracellular release of Ca 2ϩ from internal stores by the binding of a second messenger to its receptor in the endoplasmic reticulum. Commonly, this messenger is inositol 1,4,5-trisphosphate (13) . Therefore, we sought to delineate the source of the [Ca 2ϩ ] i by measuring the calcium flux by flow cytometry in monocytes loaded with Fluo 4/AM and Fura Red/AM and incubated with xestospongin C and TMB-8, inhibitors of inositol-1,4,5-trisphosphate and ryanodine, respectively. Neither TMB-8 (Fig. 1G ) or xestospongin C (data not shown) had any effect on Tat-induced calcium flux in human monocytes, suggesting that the increased [Ca 2ϩ ] i due to Tat was not from intracellular stores. Furthermore, when monocytes were incubated in the calcium-free loading buffer instead of the calcium buffer, Tat was unable to induce a transient [Ca 2ϩ ] i flux, suggesting that extracellular calcium was required for this process, agreeing with previously published data (24; also data not shown).
Recent research has shown that L-type Ca 2ϩ (Ca L ) channels are present in human monocytes and that they are implicated in the Tat-mediated transient increase in [Ca 2ϩ ] i (25) . Therefore, the calcium flux was measured by flow cytometry in monocytes treated with 1 M nimodipine, a Ca L channel inhibitor. HIV-1 subtype B Tat HXB2 was no longer able to induce the transient increase in [Ca 2ϩ ] i in monocytes, confirming the report that the Ca L channel is involved in the transient Tat-mediated increase in [Ca 2ϩ ] i (Fig. 1G) .
Tat 93In does not act as a chemoattractant. The increase in [Ca 2ϩ ] i induced by HIV-1 subtype B Tat in macrophages/ monocytes is accompanied by a strong macrophage/monocytespecific chemoattractant activity (3). Although the three-dimensional structure of Tat shows no structural and little sequence similarity to the chemokine fold of CCL2, this chemoattractant ability is not without precedent; for example, gp120 is able to bind CCR5 and induce chemotaxis of T cells (88) . The mutation of the CCF sequence in Tat peptides to SSG abrogates its ability to induce both a [Ca 2ϩ ] i flux and monocyte chemotaxis. As Tat 93In was unable to induce a transient [Ca 2ϩ ] i flux and has the mutation Cys 31 3Ser 31 , we tested its ability as a chemoattractant for monocytes. When cells encounter a chemotactic gradient, they respond by acquiring a migratory phenotype which includes the expression of leading and trailing edges. We show here that, compared with 93In Tat-treated cells, monocytes treated with Tat HXB2 exhibit morphological changes typical of the migratory phenotype ( Fig. 2B and C) . This was further assessed using a Transwell assay. Figure 2A shows that monocytes migrated toward Tat HXB2 and Tat 96Bw but not Tat 93In. The response to Tat 93In was not concentration dependent, with different concentrations of Tat 93In having no effect on monocyte migration as opposed to subtype B Tat (data not shown). Interestingly, when we specifically blocked the Ca L channels, we observed an abrogation of monocyte chemotaxis toward subtype B Tat.
Tat 93In does not bind CCR2. HIV-1 subtype B Tat shares some sequence similarities with ␤-chemokines, and previous studies demonstrated that a radiolabeled peptide spanning residues 24 to 51 of subtype B Tat is able to specifically bind the ␤-chemokine receptors CCR2 and CCR3 (3). As most subtype C Tat have a C313S mutation, we wished to confirm the specific interactions of this Tat with CCR2 and CXCR4. GHOST cells expressing either CXCR4 or CCR2 were separately equilibrated with 125 I-labeled ligands (CXCL12 or CCL2) with or without escalating amounts of Tat HXB2 or Tat 93In. Subtype B Tat but not subtype C Tat competed efficiently for 125 I-CCL2 binding to CCR2 ϩ cells (Fig. 3A) . Conversely, both Tat variants competed efficiently for 125 I-CXCL12 binding to CXCR4 ϩ cells with approximately the same 50% inhibitory concentration (Fig. 3B) .
Tat 93In is less effective at upregulating TNF, IL-6, CCL2, and IDO than both HIV-1 subtype B Tat and 96Bw Tat. Tatinduced production of TNF by monocytes has been shown to be dependent on the presence of calcium in the extracellular medium (24) , and blocking the Ca L channel function with nimodipine results in a significant inhibition of Tat-induced TNF production from monocytes (25) . In order to assess the ability of Tat 93In to induce TNF production in monocytes, we incubated PBMCs for 4 hours in the presence of either 50 nM Tat 93In or 50 nM Tat HXB2 and then analyzed them by flow cytometry. After gating on monocytes, we found that 19.1% of the subtype B Tat HXB2-stimulated monocytes produced TNF, whereas Tat 93In induced significantly less TNF production (4.5%; P ϭ 0.0001; Fig. 4) . We also found a difference in the number of cells producing IL-6. Subtype B Tat HXB2 induced 40.8% of cells to produce IL-6, whereas Tat 93In induced just 14.5% of cells to produce IL-6 (P ϭ 0.0052; Fig. 4A ).
To confirm these results, purified monocytes were treated with 50 nM Tat. At 2 and 4 hours postincubation, cells and supernatants were harvested and analyzed for the presence of TNF mRNA, IL-6 mRNA, and the secreted forms of TNF and IL-6. We found that both Tat HXB2 and Tat 96Bw induced significantly more TNF mRNA and secreted TNF at both 2 and 4 hours than both the buffer alone and Tat 93In (Fig. 4C  and D) and that Tat 93In was unable to induce significantly more TNF mRNA than buffer alone at both time points. However, the secreted cytokine quantity induced by Tat 93In was more than that induced by the negative control. Tat HXB2 also significantly upregulated the transcription of IL-6 mRNA at 4 hours posttreatment compared with 93In (P ϭ 0.04), but at 2 hours, there was no significant difference (P ϭ 0.44; Fig. 4C ).
We then assessed the presence of CCL2 mRNA and secreted CCL2. Although Tat 93In induced CCL2 expression after 4 h, Tat HXB2 and Tat 96Bw both induced significantly more CCL2 at both time points tested ( Fig. 5A ; P Ͻ 0.05). We further tested these samples for the presence of IDO mRNA. IDO is the first enzyme of the kynurenine pathway that has several neurologically active metabolites, including quinolinic acid. Quinolinic acid is a neurotoxin that acts at N-methyl-Daspartate receptors increasing intracellular calcium and cell death (79) and is found at elevated concentrations in the cerebrospinal fluid (CSF) and brains of individuals suffering from HAD (39) . Previous in vitro experiments have shown that both HIV-1 subtype B Tat and Nef induce IDO (77), but no study to date has assessed the effect of subtype C Tat. We show that both Tat HXB2 and Tat 93In upregulate the expression of IDO mRNA, but that Tat 93In upregulates significantly less than Tat HXB2 does (Fig. 5B) . In the presence of neutralizing anti-TNF antibodies, the synthesis of both CCL2 and IDO from monocytes is greatly reduced (P Ͻ 0.05), suggesting a role for this cytokine ( Fig. 5A ; also data not shown). Isotypematched monoclonal antibodies did not have any significant effect on CCL2 or IDO production.
Tat HXB2 activates and upregulates the expression of CD40 and CCL2 from microglial cells. Microglia are the resident phagocytes of the brain and participate in various physiological functions. When microglia become activated, they upregulate major histocompatibility complex class II, CD40, B7, and chemokine/cytokine expression. Previous studies have shown that HIV-1 subtype B Tat induces CCL2 production and upregulates CD40 on microglial cells (26) . We show that both Tat HXB2 and Tat 93In are able to upregulate mRNA for these proteins, but that Tat HXB2 induces significantly greater quantities ( Fig. 5C and D) . When secreted CCL2 was quantified, we found that the profile of CCL2 induced by the different variants of Tat was similar to that by monocytes, with subtype B Tat inducing significantly more than 93In Tat (Fig. 5C ).
DISCUSSION
Monocyte infiltration and inflammatory responses in the brain, combined with the breakdown of the BBB, appear to be the main pathological features of HAD. Indeed, the abundance of macrophages and monocytes in the brain has been suggested to be a better correlate of HAD than the presence or extent of HIV-1 infection in the brain (33) . Moreover, in the simian immunodeficiency virus animal model, the extent of (93) . Soluble factors produced by HIV-1-infected cells, such as Tat, TNF, and MCP-1 may be responsible, at least in part, for this finding (15, 26, 49, 52, 77) . The role of Tat in the development of neurocognitive impairment remains controversial. Tat has been detected in postmortem HIV encephalitic CNS tissue in various infected cells (41, 42, 54, 84, 91) as well as in uninfected oligodendrocytes (84) , supporting in vitro findings that secreted Tat from infected cells can be localized in neighboring uninfected cells (81) . Nevertheless, despite extensive in vitro research and in vivo animal studies demonstrating a potential role for Tat in HIV-related CNS impairment (reviewed in references 49 and 52 and references therein), because Tat is rapidly taken up by cells, no study to date has directly quantified the in vivo levels of secreted Tat in the CNS (42, 54) . Moreover, in a mouse model of brain toxicity after a single intraventricular injection of Tat, pathological changes were observed over several days, while within 6 h Tat was undetectable, further highlighting the problem of detecting extracellular Tat in vivo (46) . Thus, the biologically relevant levels of Tat in the brain that might be associated with HAD are unknown.
In vitro exposure of both glial cells and macrophages to Tat leads to their activation (6, 55) . Additionally, virus-free supernatants of HIV-infected lymphoid and myeloid cells are able to trans-activate HIV-1 gene expression in a paracrine fashion, suggesting that the secreted extracellular Tat is functionally active (30) . However, although we and others have immunoaffinity purified Tat to homogeneity from HIV supernatants, attempts to purify large quantities of biologically active Tat have been largely unsuccessful; Tat binds to heparin sulfate proteoglycans present in the cell membrane and extracellular matrix, rendering it inactive (21; also unpublished observations). Additionally, Tat can become easily inactivated, as its principal functional region contains 6/7 cysteines which are easily oxidized/reduced (62, 76) , requiring the presence of reducing agents during the anaerobic purification process which would reduce its effect in neurotoxicity and functional tests (54). For these reasons, we have used functionally active synthetic Tat proteins for the experiments described.
Tat has been associated with many different functions, including apoptosis (17, 18, 90) , stimulation or inhibition of cytokine production (6, 55) , calcium mobilization, and chemotactic properties (3). We confirm previously published findings that HIV-1 subtype B Tat is able to bind CCR2 and induce a transient calcium flux in and chemoattract monocytes. We also show that the C313S mutation found in the majority of subtype C Tat renders it unable to act in this manner. Moreover, we find that this variation possibly renders Tat less pathogenic, as monocytes treated with subtype B Tat produced significantly more TNF and CCL2 than those treated with Tat 93In. Interestingly, we were able to detect a significant increase in Tat 93In-induced TNF production only by ELISA and not by flow cytometry or reverse transcription-PCR. Tat 93In, as expected, also induced significantly less IL-6, CCL2, and CD40, as TNF induces the production of proinflammatory molecules, such as granulocyte colony-stimulating factor, CCL2, granulocytemacrophage colony-stimulating factor, IL-6, IL-8, and nitric oxide. Indeed, neutralizing TNF antibodies led to a reduction in the Tat-induced production of CCL2 and CD40. Importantly, although subtype C Tat is unable to induce calcium flux and chemotaxis and has reduced capacity to induce TNF, its ability to perform in its primary role of trans-activating the HIV-1 LTR is unaffected, as we and others have shown that subtype C Tat with a C313S mutation does not have reduced trans-activation ability (28, 44, 57, 66) .
It is difficult to extrapolate these in vitro observations to what may happen within the HIV-infected human CNS where soluble factors, such as gamma interferon, gp120, and others produced by highly active antiretroviral therapy, modulate the activity of monocytes and microglia. Also, although Tat 93In is unable to induce significant levels of TNF, individuals infected with HIV-1 subtype C might still have elevated levels, as many host or viral factors, such as gp120, likely contribute to TNF production (22) . Moreover, TNF may play a neuroprotective role, so conclusions about the role that Tat-induced TNF may play are limited. When CCL2 binds to CCR2, it results in increased arachidonic acid release and influx of extracellular calcium and chemotaxis, which is inhibited by Bordetella pertussis toxin treatments and is dependent upon the calcium-dependent protein kinase C␤ (20) . HIV-1 subtype B Tat has been shown to bind CCR2 and induce both a transient [Ca 2ϩ ] i flux and chemotaxis. However, treatment with pertussis toxin only partially blocks the subtype B Tat-induced transient [Ca 2ϩ ] i flux (3). Conversely, blocking the Ca L channels completely abrogates subtype B Tat-induced Ca 2ϩ flux and chemotaxis of monocytes. Treatment of monocytes with CCL2 does not result in the production of TNF (45; also unpublished observations). Therefore, although Tat binds to CCR2 and induces a calcium flux, this is not sufficient to induce the production of TNF from this cell type, suggesting that Tat elicits the production of TNF through a CCR2-independent mechanism.
Monocyte migration can also be mediated through adhesion molecule receptors, mainly integrins, such as ␣5␤1. HIV-1 subtype B Tat can bind and activate ␣5␤1 and ␣v␤3 through its RGD region (9, 10) and mediate migration of monocytes (11) . As Tat 93In has a mutation of R783Q and is unable to induce monocyte chemotaxis, it therefore cannot induce chemotaxis through either CCR2 or integrins.
Activation of ␣5␤1 integrins in rat brain and smooth muscle acutely potentiates Ca L channels (37) , leading to an increase in [Ca 2ϩ ] i . Studies using serum-deprived vascular smooth muscle cells stimulated with platelet-derived growth factor have shown that specifically inhibiting Ca L channels leads to an abrogation of both calcium flux and associated chemotaxis (61) . In general, published data do not support a requirement for calcium signals in chemotaxis mediated by G-protein-coupled receptors. However, recent studies have shown a calcium-dependent role in some situations (20, 60) . This is the first study, to our knowledge, that examines the role of Ca L channels in the chemotaxis of monocytes. By specifically blocking Ca L channels of freshly isolated monocytes, we observed similar results to those targeting vascular smooth muscle cells, suggesting a role for Ca L in Tat-induced chemotaxis.
The pathogenesis of HAD also involves astrocyte dysfunction and apoptosis. Astrocytes have important neuroprotective functions (82) . They decrease neurotoxin levels (32), clear excess excitatory amino acids (56) , produce neurotrophic factors (89) , and maintain the BBB (16) . Examination of postmortem brain tissue revealed that astrocyte apoptosis is higher in HIV-1-infected patients than in HIV-negative patients (82) . Furthermore, the extent of astrocyte apoptosis was correlated with the rate of HAD progression. Postmortem brain tissue examinations reveal that during HAD, astrocytes upregulate CD95 expression (29) , and in vitro studies show that soluble CD178 released from HIV-1-infected macrophages triggers apoptosis of uninfected astrocytes (4) . Moreover, individuals with HAD have higher levels of soluble CD178 in both their serum and cerebrospinal fluid and higher levels of soluble CD95 in their cerebrospinal fluid than HIV-1-infected nondemented controls (69, 78, 83) . Together, this suggests that the CD95-CD178 pathway may be involved. Tat is known to induce T-cell apoptosis through this same pathway (17, 18, 90) .
Current estimates place the prevalence of HAD in the United States and Western Europe at between 10 and 20% (reviewed in reference 34). In India, although systematic studies have just been initiated in various centers, three recent independent studies have put the prevalence of HAD at just over 1% (72, 75, 86) . It is possible that the low levels of reported HAD in economically developing societies like India are due to underdiagnosis, shorter life expectancy, or other factors (40, 80) . However, it is interesting to note that the major HIV-1 subtype circulating in India is subtype C (65, 71, 73) , in contrast to the United States and Western Europe, where infections are primarily caused by subtype B (38) . As Tat is necessary for HIV-1 replication and is involved in a number of physiopathological effects, therapeutic approaches targeting Tat could be particularly effective in reducing the serious consequences of HIV-1 infection. Differing rates of disease progression correlate with different HIV-1 subtypes (47, 74) and different isotypes of Tat have been shown to induce different effects on T-cell function and viability (17, 18, 27, 62, 67) . This study further highlights the importance of studying the pathological effects of different subtypes of HIV-1 and their proteins.
